mycorrhizal maize roots could be mimicked by IBA applied Inoculation of maize (Zea mays L.) with the arbuscular mycorrhizal (AM) fungus Glomus intraradices resulted in a exogenously to non-mycorrhizal roots. Addition of trifluorodistinct root phenotype ca 10 days after inoculation. Al-IBA (TFIBA), an inhibitor of IBA-induced root growth and lateral root induction, simultaneously with IBA resulted in a though the fresh weight of inoculated and control roots was phenotype resembling that of untreated controls. In roots about the same, the AM-inoculated roots showed a signifitreated with TFIBA the inoculation with AM fungi did not cant increase in the percentage of lateral fine roots. This increase the formation of fine roots. The TFIBA treatment increase coincided with an increase in free indole-3-butyric acid (IBA) as well as an increase in IBA synthesis. At later also reduced endogenous free IBA and the AM infection rate time points (31 days after inoculation), the free IBA content in mycorrhizal roots. The results are discussed with respect was not increased in infected roots; however, the fraction of to a possible role of IBA in the establishment of AM symbiosis. bound IBA increased compared to controls. The phenotype of are involved in signalling events between AM fungi and host plants. The levels of phytohormones in maize colonized with a Glomus isolate were analysed by ELISA and conventional bioassays (Danneberg et al. 1992 , Esch et al. 1994. Measurements of abscisic acid (ABA) showed considerably higher levels of ABA in AM-colonized than in control roots, whereas the concentrations of zeatin riboside (with the exception of later stages of AM development) and indole-3-acetic acid (IAA) were similar for infected and non-infected roots (Danneberg et al. 1992) . The concentration of ABA in hyphae of Glomus was at least one order of magnitude higher than that in maize roots without AM fungi (Esch et al. 1994). The authors concluded that Glomus is able to contribute to the increase in ABA in the infected roots.
Introduction
Arbuscular mycorrhizas (AM) are a unique symbiotic association between plant roots and a group of fungi of the order Glomales. This association often increases growth and yield of many crops by enhancing nutrient uptake, resistance to drought and salinity and increased tolerance to pathogens (Mosse 1957 , Nelsen and Safir 1982 , Smith and GianinazziPearson 1988 , Gianinazzi-Pearson 1996 . During colonization distinct structures are formed by the AM fungi within the host roots (internal hyphae, arbuscules, vesicles; Walker 1992) . The complex cellular relationship between host roots and AM fungi requires a continuous exchange of signals, which leads to the proper development of mycorrhiza in the roots of a host plant (Gianinazzi-Pearson 1996) . Plant hormones are known to play a role in different developmental processes (Davies 1995) and are therefore suitable candidates for the regulation of such a symbiosis. Not much is known about the function of plant hormones during the colonization process, although there is evidence that they Abbre6iations -ABP, auxin-binding protein; AM, arbuscular mycorrhiza; IBA, indole-3-butyric acid; TFIBA, 4, 4, butyric acid. 1992). With these sensitive techniques, the endogenous content of IAA and indole-3-butyric acid (IBA) in mycorrhizal and control roots of maize was re-investigated (Ludwig-Mü ller et al. 1997) . For IAA, the results of Danneberg et al. (1992) were confirmed. However, a comparison of IBA concentrations in mycorrhizal maize roots and controls showed significant differences (Ludwig-Mü ller et al. 1997) . In younger roots, free IBA did not differ much between infected and control roots while amounts of conjugated IBA were higher in the infected tissue. In older roots, the free IBA content was lower in AM-infected roots than in controls, whereas the bound IBA fraction remained the same in infected and control tissues. No IBA could be detected in spores of Glomus intraradices, whereas very small amounts of free IAA were found (Ludwig-Mü ller et al. 1997) , thus confirming earlier reports by Barea (1986) .
The biosynthesis of IBA was also altered in AM-inoculated roots compared to controls (Ludwig-Mü ller et al. 1997) . IAA is converted to IBA by an enzyme termed IBA synthetase, which has been previously characterized Hilgenberg 1995, Ludwig-Mü ller et al. 1995a) . The activity of IBA synthetase was increased about threefold in infected roots compared to the controls (Ludwig-Mü ller et al. 1997 ). Since it is not known whether fungi possess a similar enzyme as higher plants, it is assumed that IBA is synthesized by the host plant; however, the observed increase may be induced by the AM fungus.
As an altered phenotype of maize roots inoculated with Glomus was found in very young seedlings (10 days after inoculation), it was studied whether IBA was also altered in such young roots. We were able to show that the phenotype induced by AM-fungal colonization could be mimicked by exogenous application of IBA and that a synthetic IBA analogue was able to suppress both, the IBA-induced and AM-induced root phenotype of young maize plants. The results are discussed with respect to a possible role of IBA in the establishment of the AM symbiosis.
Materials and methods

Plant material and infection procedure
Seedlings of maize (Zea mays L. cv. Alize) were cultivated under sterile conditions in the light (28 mmol m − 2 s − 1 ; Philips fluorescent tubes TL55 and TL32) at 23°C as previously described Epstein 1991, Ludwig-Mü ller and Hilgenberg 1995) . Seedlings were harvested after 6 days of culture.
For inoculation with AM fungi, seedlings were transferred to expanded clay (Lecaton ® , 2-4 mm particle size) 9AM inoculum after the root and coleoptile tips were visible (3 -4 days after sowing). The AM isolate Glomus intraradices Schenck and Smith INVAM Sy 167 was obtained from S. Reinhard, Institut fü r Pflanzenernährung, Universität Hohenheim, Germany. Inoculum production was as previously described (Schmitz et al. 1991) . Plants were grown in a greenhouse at 22-28°C with a photoperiod of 15 h light/9 h dark and watered with tap water. The percentage of root length colonized was determined by counting the fungal structures (hyphae, arbuscules, vesicles) in infected roots after staining with lactophenol blue as described earlier (Schmitz et al. 1991) .
IBA and the synthetic analogue 4,4,4-trifluoro-3-(indole-3-)butyric acid (TFIBA; Katayama et al. 1995, Katayama and Gautam 1996) were dissolved as a stock solution in ethanol and diluted with water before they were added to the plants. Final ethanol concentration was B0.1%. In all experiments, an ethanol control was included, which did not show differences to control plants without ethanol treatment (data not shown). Treatment of plants was performed every second day for 1 week.
Determination of lateral/fine roots
The percentage of lateral/fine roots was determined after carefully harvesting the roots of individual plants and washing them thoroughly. Fine roots were cut off the main roots, both fractions blotted between filter paper and the fresh weight for each single plant determined. Each experiment was performed in 6 replicates.
Growth assay
Seedlings of maize were grown for 5 days and treated with different concentrations of IBA and TFIBA. Roots and coleoptiles ( + primary leaf) were harvested and the fresh weight determined.
The effect of IBA and TFIBA on coleoptile and root elongation was determined using different concentrations of IAA, IBA and TFIBA (0.1 -100 mM). Segments of 0.5 mm length from untreated plants were incubated with the respective hormones in a minimal medium containing 50 mM sucrose, 10 mM KH 2 PO 4 , 1 mM MgSO 4 , 0.5 mM Ca(NO 3 ) 2 , 0.1 mM FeCl 3 , pH 6.2. The plant segments were incubated for 16 h in the dark at 23°C and the length of the segments was determined. TFIBA was also tested in the presence of a constant amount of IAA and IBA.
Extraction of endogenous free and bound IBA
Extraction of endogenous IBA was performed basically as described by Chen et al. (1988) . Two grams of tissue were homogenized with 2 ml of 200 mM imidazol, pH 7, and isopropanol mixed together in a ratio of 35:65, filtered and the supernatant diluted with H 2 O. Extracts were divided into two halves for the analysis of free and conjugated IBA. Free IBA was purified over a NH 2 column (Baker). After evaporation, the residue was resuspended in methanol and directly used for HPLC analysis. IBA was determined by HPLC (Biotronik BT 8100, Maintal, Germany) on a 4.6 mm × 125 mm Lichrosorb C18 5 mm reverse phase column and a UV detector (at 280 nm). As solvents, 1% aqueous acetic acid (solvent A) and 100% methanol (solvent B) were used in a gradient system as previously described (Ludwig-Mü ller et al. 1997) . Flow rate was 0.7 ml min − 1 . IBA was eluted at R t 14.8 min and identified by co-chromatography with an authentic standard. Quantification was performed using a standard curve (Grsic et al. 1999) . Since IBA was previously identified and quantified by GC-MS analysis Physiol. Plant. 109, 2000 Fig. 1. Phenotype of 11-day-old maize (Zea mays L.) roots inoculated with G. intraradices compared to controls. (Ludwig-Mü ller et al. 1997) , control samples were analysed, which corresponded to the samples done by GC-MS and the values obtained found to be similar.
For the determination of conjugated IBA the second half of each extract was subjected to alkaline hydrolysis with 7 M NaOH for 3 h at 100°C (Ludwig-Mü ller et al. 1997) . The hydrolysate was filtered, the pH brought to 2.5 and IBA was purified over a C 18 column (Baker) according to Chen et al. (1988) . The eluate was evaporated, resuspended in methanol and analysed by HPLC as described above.
Measurement of IBA synthetase activity
IBA synthetase was determined as previously described (Ludwig-Mü ller et al. 1995a) . Briefly, the reaction mixture contained, in a total volume of 500 ml, 100 ml of microsomal membranes (prepared according to Ludwig-Mü ller et al. 1995a ), 2 mM acetyl-CoA and 6 mM ATP in 100 mM HEPES buffer, pH 7. The reaction was started by the addition of 1 mM unlabelled IAA and stopped after 1 h at room temperature by adding 30 ml of 1 M HCl. The aqueous phase was extracted with 500 ml of ethyl acetate. The organic phase was removed, evaporated to dryness, resuspended in methanol and subjected to HPLC analysis (see above).
Auxin-binding protein 1 (ABP1) preparation and western blotting
ABP1 was extracted and partially purified according to Lö bler and Klämbt (1985) from solubilized membranes of maize. Protein was determined according to Peterson (1977) . Denaturing SDS gel electrophoresis was carried out as described by Laemmli (1970) on a 15% polyacrylamide gel. Partially purified protein equivalent to 20 g of fresh weight (approximately 10 mg of protein) was loaded on each lane. The proteins were blotted for 1 h at 0.8 mA cm − 2 onto polyvinylidenedifluoride membranes (Immobilon P, Millipore) according to Grsic et al. (1998) . APB1 was visualized using antibodies against ABP1 (a kind gift from Prof. Dr Dieter Klämbt) in a 1:1000 dilution (Lö bler and Klämbt 1985) . The primary antibodies were incubated with the membrane overnight. As second antibody, anti-rabbit-IgG coupled to horseradish peroxidase (Pierce), was used. Signal development was performed using Luminol (Pierce) as a substrate according to the manufacturer's instructions and subsequent exposure of the blot overnight with an X-ray film. Equal sample loading was confirmed by staining the blot after development with amido black.
Results
Phenotype of young maize roots colonized with G. intraradices
When young maize (Zea mays L.) roots were colonized by the AM fungus G. intraradices, the root phenotype was dramatically altered compared to the wild type. Since the plants were watered with tap water only, the experiments were performed under low P conditions. Although the total fresh weight of control and AM-inoculated roots was about the same (data not shown), the AM-colonized roots showed more fine roots and the amount of main roots was reduced ( Fig. 1 , Table 1 ). The phenotype of the green parts of the plants was not affected at this stage of development (data not shown). The successful colonization 11 days after inoculation was demonstrated by light microscopy (Table 2) , where hyphae and arbuscules were clearly visible. Table 2 . Percentage of fungal structures in the fine roots of G. intraradices-colonized maize roots with and without TFIBA treatment (100 mM). Extracellular hyphae were not unequivocally identified as AM. Total fungal structures defines extraradical and intraradical hyphae as well as arbuscules and vesicles. Infection rate is the total of all intracellular structures (intraradical hyphae, arbuscules, vesicles). The total numbers of segments counted which show the distinct fungal structures are presented in the first column (segments tot ). The percentage of root segments containing fungal structures is given as mean 9 SE from 6 different plants in the second column (% with AM). 
IBA concentration and biosynthesis in AM-colonized maize roots
The occurrence of IAA and IBA in maize roots colonized with G. intraradices was recently demonstrated by GC-MS (Ludwig-Mü ller et al. 1997) . It was also shown that 28 days after inoculation the total IBA concentration was increased in AM-colonized roots compared to the controls (Ludwig-Mü ller et al. 1997) . Since the typical root phenotype after AM colonization was observed in younger roots (ca 10 days after inoculation), we examined the IAA and IBA concentrations in maize roots during earlier stages of AM development. IAA concentrations did not differ much between Glomus-inoculated and control roots during earlier stages of development or decreased in inoculated roots (Table 3) . On the other hand, free IBA was increased by more than twofold in infected roots 11 days after inoculation, while the amount of conjugated IBA was lower. The same was observed in roots 21 days after inoculation, where the increase was even higher (ca fivefold). Ten days later (31 days after inoculation), no increase in free IBA was found, but the concentration of conjugated IBA increased (Table 3) . This corresponds to the results obtained previously for roots 28 days after inoculation (Ludwig-Mü ller et al. 1997) .
There are two possible ways for an increase in free IBA, de novo synthesis and enzymatic hydrolysis from conjugates. The in vitro biosynthesis of IBA has been previously well characterized and was increased in AM-inoculated roots 28 days after inoculation. Therefore, the activity of IBA synthetase was investigated during the earlier stages of colonization (Table 3) . Specific IBA synthetase increased also 11 and 21 days after inoculation, although the effect was most prominent 31 days after inoculation.
Application of IBA can mimick the phenotype of AM colonization
It was investigated whether the distinct phenotype observed in AM-colonized roots may be due to the increase in endogenous free IBA by application of different concentrations of IBA to maize plants grown under the same conditions as the inoculated plants. IBA was applied in concentrations of 0.1 -100 mM (Fig. 2A) . Increasing IBA concentrations resulted in the formation of a larger number of fine roots up to 10 mM with normal-looking main and secondary roots, whereas 100 mM IBA led to growth inhibition of the roots. Exogenously applied IBA was therefore able to induce the same phenotype as AM colonization and subsequent increase of endogenous IBA.
Effects of an IBA antagonist
Since IBA can mimick the effect of AM colonization, it was attempted to use an auxin antagonist for the investigation of the role of IBA during colonization of maize roots. One candidate is the synthetic IBA analogue TFIBA (Fig. 3 ) (Katayama et al. 1995, Katayama and Gautam 1996) . The effect of this compound on growth of maize roots and coleoptiles was investigated in the absence and presence of IBA ( Figs 2B and 3) . Both root and shoot fresh weight increased with increasing IBA concentrations, whereas addi- Table 3 . Endogenous free and conjugated IAA and IBA and specific IBA synthetase activity in control and G. intraradices-colonized maize roots at different time points during AM development. The values are means of 3 independent experiments 9 SE. DPI, age of plants after inoculation ( = transfer to expanded clay). Auxin concentrations are given in ng (g fresh weight)
−1 and specific IBA synthetase activity in ng IBA (mg protein) tion of TFIBA had no effect on fresh weight (Fig. 3) . Application of IAA and IBA lead to root elongation while TFIBA reduced the root elongation (Fig. 4A ). Increasing concentrations of TFIBA inhibited root and shoot elongation induced by constant concentrations (10 and 100 mM) of either IAA or IBA (Fig. 4B ) as well as lateral root formation induced by IBA. Plants treated with 1 mM IBA plus 100 mM TFIBA looked exactly like control plants (Fig. 2B) . Differences in the optimum auxin concentrations in the two different experiments may be due to the age of the plants and/or the different methods used to evaluate growth (length, fresh weight, phenotype). The results described above demonstrate that TFIBA can be used as an IBA antagonist in maize. The effect of TFIBA on maize roots inoculated with G. intraradices was investigated using plants treated with TFIBA 11 days after inoculation for 1 week. The amount of fine roots is given as the percentage of total root fresh weight of single plants (Table 1) . Although the percentage of fine roots varied among individual experiments, the ratio between the different treatments was always the same. Treatment of control roots with 100 mM TFIBA had no effect on the growth of maize roots. The inoculation with G. intraradices resulted in an increase of fine roots (see also 1) compared to uninoculated controls. The increase was between 1.5-and 1.7-fold. Treatment of Glomus-inoculated maize roots with 100 mM TFIBA for 1 week resulted in a reduction of fine roots to the level of the controls. The phenotype of these plants also resembled that of control plants (data not shown) as was the case with simultaneous IBA/TFIBA treatment (Figs 2B and 4B).
The fungal structures were counted in the fine roots of the individual plants and the percentage of individual fungal structures found in the different treatments determined ( Table 2 ). The infection rate of untreated AM-colonized roots was twofold higher than in TFIBA-treated AM-colonized roots. This was reflected in the number of arbuscules and intraradical hyphae, which showed significant differences between treated and untreated plants. The number of segments containing vesicles was also higher in untreated plants, but due to the small number of segments with vesicles found, these differences were not significant. On the contrary, the percentage of extracellular hyphae increased by about threefold in TFIBA-treated compared to untreated roots. Although the extracellular fungi cannot unequivocally be identified as AM, at least the major portion of these hyphae belongs to AM fungi.
Determination of free IBA in roots of control plants, plants treated with TFIBA, plants inoculated with Glomus and AM-inoculated plants treated with TFIBA showed that the increase of endogenous free IBA observed in AM-colonized plants was reduced to control level when the plants were treated with 100 mM TFIBA (Fig. 5) . Treatment of control plants with TFIBA did not result in any changes in free IBA concentration.
How does TFIBA influence lateral root induction?
Since the concentration of free IBA in Glomus-inoculated roots was decreased after TFIBA treatment, it was investigated whether TFIBA can inhibit IBA synthesis. IBA synthetase was extracted from treated and control plants and the activity was determined (Table 4) . It was shown that TFIBA treatment of whole plants reduced IBA synthetase activity in the roots compared to untreated or ethanoltreated plants, whereas the enzymatic reaction itself was not inhibited by TFIBA present in the assay (Table 4) .
Another possibility for the inhibition of auxin-induced growth is the modulation of receptors involved in the growth response. One candidate for a receptor protein in maize is ABP1 (Lö bler and Klämbt 1985) . Western blots were developed with antibodies against ABP1 and it was shown that samples from coleoptiles of 5-day-old seedlings exhibited a prominent signal at ca. 22 kDa (Fig. 6A,B) . While in 11-and 21-day-old control roots no ABP1 signal could be detected in a 20 g fresh weight equivalent on the gel, in both Glomus-inoculated root samples a weak signal corresponding to ABP1 was found (Fig. 6A) . It was possible to induce ABP1 in maize seedlings by application of low IBA concentrations in both roots and shoots (Fig. 6B) . Simultaneous application of TFIBA and of TFIBA alone did not inhibit ABP1 expression. maize roots colonized with G. intraradices (Ludwig-Mü ller et al. 1997) , whereas the total IAA content was lower in infected than in control roots. In older roots, total IBA was also slightly lower in Glomus-infected roots than in the controls. Free IBA was not enhanced during any of the developmental stages investigated. In the present work, we therefore chose younger maize plants inoculated with G. intraradices and investigated endogenous free and total IAA and IBA concentrations (Table 3) . Between 10 and 21 days after inoculation an increase in free IBA was found in AM-inoculated roots, whereas the conjugated IBA levels were lower in infected than control roots. Several possibilities for the increase in free IBA levels can be suggested: (1) increase in biosynthesis, (2) increase in the hydrolysis of inactive conjugates, (3) inhibition of degradation, and (4) transport. The activity of IBA synthetase was increased during early stages of AM colonization, where free IBA was also increased (Table 3) , thus explanation (1) is very likely. However, other possibilities have yet to be investigated. An explanation for the higher level of IBA conjugates in control roots is (a) IBA conjugates may be synthesized via a different route than free IBA (maybe via IAA conjugates), or (b) a major portion of IBA conjugates is transported out of the colonized roots (Ludwig-Mü ller et al. 1997) . While leaves of inoculated maize plants showed an increase in IBA, they did not possess much IBA synthetase activity. Therefore, the increase in IBA might be due to transport of IBA conjugates from the roots into the shoots. On the contrary, the transport of IBA from the shoots into the roots is not very likely, since IBA synthesis is high in root tissue of maize (Ludwig-Mü ller et al. 1995a). However, degradation of IBA conjugates may also account for the lower concentration found in AM-colonized roots.
Although the infection rate during the early time points investigated in this study was low, successful colonization was demonstrated by light microscopy ( Table 2) . During earlier colonization phases, the inoculated maize roots showed a distinct phenotype different from control roots
Discussion
The complex cellular relationship between host roots and AM fungi requires a continuous exchange of signals, which leads to the proper development of mycorrhiza in the roots of a host plant. Plant hormones may be involved in the regulation of such a symbiosis. In ectomycorrhizal symbiosis several examples are known where IAA is produced by the fungal partner, and may result in the increase of lateral roots and subsequently in a stimulation of the formation of the symbiosis (Karabaghli-Degron et al. 1998) . Not much is known about the function of plant hormones during the colonization process in AM symbiosis, although there is evidence that they are involved in signalling events between AM fungi and host plants (Hirsch and Kapulnik 1998) . In addition, it has been suggested that phytohormones, such as IAA and cytokinins, released by mycorrhizal fungi may also contribute to the enhancement of plant growth (Frankenberger and Arshad 1995, and references cited therein).
Recently, it was shown that inoculation with a mycorrhizal fungus brings about an increase in total IBA in young ( Fig. 1, Table 1 ). The percentage of lateral/fine roots was increased compared to the controls. Differences in root structure after AM colonization have been described for other plants. A higher number of lateral roots was reported by Schellenbaum et al. (1991) for inoculated Vitis 6inifera. The inoculation of peanut (Arachis hypogaea L.) and pigeon pea (Cajanus cajan [L.] Millsp.) with Gigaspora led to a more advanced development of lateral roots, especially of second and third order. The responses were apparent after 30, but not after 20 days (Yano et al. 1996) . Inoculation of Platanus acerifolia with G. fasciculatum resulted in a higher number of third-order lateral roots, while non-mycorrhizal roots had a higher percentage of second-order lateral roots (Tisserant et al. 1996) . Work by Berta et al. (1990) showed for a monocotyledonous plant (Allium porrum) that AM colonization induced lateral root formation, although this was only visible after a long culture period of about 50 days. In maize inoculated with G. intraradices, the response was visible much earlier (ca 10 days after inoculation). Other investigations have indicated different changes like promotion of root elongation (Hetrick et al. 1988) or decrease in root length (Price et al. 1989 , Berta et al. 1995 . Thus, it can be concluded that AM formation can alter the phenotype of the host roots, but that the patterns of alteration vary between host species.
Since the phenotype of AM inoculation can be mimicked in maize roots by exogenously applied IBA (1 -10 mM; Fig.  2 ) and since we found a two-to fivefold increase in free IBA during the time of higher lateral root development, we propose that IBA is involved in the formation of higher number of lateral roots in maize. This hypothesis is supported by experiments with a synthetic IBA analogue (TFIBA), which acts as IBA antagonist (Figs. 3 and 4) . Both the IBA-and AM-induced phenotype of maize roots was reverted after the application of TFIBA (Fig. 2, Table  1 ) and the endogenous free IBA content was decreased in TFIBA-treated AM-colonized roots to control level (Fig. 5) . Moreover, the intracellular AM structures were reduced in TFIBA-treated roots (Table 2) , although the remaining arbuscules and vesicles were developing normally (data not shown). Interestingly, Tisserant et al. (1996) found the most active mycelium, characterized by fungal enzyme activities, in newly formed lateral roots. Therefore, we propose that either before or after initial colonization, the IBA production in the plant is increased to result in a higher number of lateral roots, which can be more easily colonized by the AM fungus to yield higher infection rates.
TFIBA did not directly inhibit IBA synthetase when it was in the enzyme assay, but TFIBA-treated plants showed a reduced amount of IBA synthetase activity (Table 4 ). In addition, TFIBA suppressed the effects of externally applied IBA (Figs. 2 -4) indicating an inhibition of either IBA uptake or signal perception and/or subsequent signal transduction. Thus, TFIBA is likely to be inhibitory for different IBA-related processes.
A putative auxin receptor of maize, ABP1, was slightly induced in AM-colonized roots (Fig. 6A) , but it has not yet been shown that it is the target for IBA perception. Therefore, the increase in ABP1 suggests its involvement in auxin perception during AM colonization, but a clear role for this protein has yet to be established.
In conclusion the present work shows that: (1) endogenous free IBA increases during early stages of AM colonization; (2) AM-colonized plants show an altered root phenotype, i.e. more lateral root formation; (3) this phenotype can be mimicked by exogenously applied IBA; (4) a synthetic IBA analogue, TFIBA, is able to inhibit (a) IBAinduced growth and (b) AM-induced growth; (5) the fungal structures within the roots are reduced after TFIBA treatment; and (6) free IBA is about control level after treatment of AM-colonized plants with TFIBA. A model is presented to link the different changes observed after AM colonization Fig. 7 . A model for the role of IBA in AM colonization. Hyphae produce a signal that leads to an increase in plant IBA synthesis, which in turn can induce the synthesis of ABP1. The concentration of free IBA is regulated either by de novo synthesis or conjugation. Induction of ABP1 results in an increased lateral root formation, which would give rise to more colonization sites for the fungus. TFIBA could act at different sites, thus preventing lateral root formation and mycorrhizal colonization. Physiol. Plant. 109, 2000 of maize roots (Fig. 7) . Since hyphae of G. intraradices produce ABA (Esch et al. 1994) and since IBA synthesis is also increased by this hormone (Ludwig-Mü ller et al. 1995b) , IBA may be increased via fungal ABA production. However, it cannot be ruled out that other fungal signals are responsible for the induction of IBA synthesis. Endogenous free IBA in turn enhances the growth of lateral roots, maybe via an increase in the number of receptor sites, as indicated by the induction of ABP1 by IBA (Fig. 6B) . A higher number of lateral roots would account for an increase in colonization sites for the fungus. TFIBA could inhibit these processes at several sites (a) by direct action on mycorrhizal colonization, (b) by affecting the regulation of IBA synthesis and thus the concentration of free IBA, and (c) by competing with IBA at a receptor site, e.g. ABP1. Application of an auxin transport inhibitor (triiodobenzoic acid; TIBA) resulted in an increase in mycorrhizal colonization of Lablab purpureus roots (Xie et al. 1998) and in an increase in appressoria formation of a mycorrhiza-resistant pea (Pisum sati6um L.) mutant (Mü ller 1999). These results also point to a role of auxin for inoculation by mycorrhizal fungi in dicotyledonous plants.
On the other hand, auxins can affect growth of AM fungi directly. IAA at micromolar concentrations had a strong inhibitory effect on the percentage of root segments containing proliferating intraradical hyphae of G. fistulosum (10 mM reduced hyphal proliferation to almost zero and 30 mM were completely inhibitory), whereas IBA at 10 mM was not inhibitory (Gryndler et al. 1998 ). These results also support the hypothesis that IBA is a factor somehow positively involved and important for root colonization by AM fungi. In addition, these results might also explain why IAA, in contrast to IBA, is slightly down-regulated in young roots inoculated with AM fungi (Table 3) .
Although the actual role of IBA during formation of the symbiosis is as of yet speculative, our results provide evidence that it facilitates the colonization of a host with AM fungi by increasing the number of lateral/fine roots during early growth phases and by stimulating the mycorrhizal root colonization.
